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Two different photo-catalysts consisting of tungsten oxide supported on zirconia and niobia
have been studied. The photoactivity of the samples has been investigated in both the
absence and presence of H,O, for the photo-oxidation of 4-nitrophenol in aqueous
suspensions and compared to that of WO; and of the pure ZrO, and Nb,Os supports. Both
catalysts were found to be photoactive, although no beneficial influence of the presence of
tungsten oxide on the reaction rate was observed in the absence of H,0,. The presence of
hydrogen peroxide was observed to be beneficial for all of the samples. Scanning electron
microscopy, X-ray diffraction, diffuse reflectance and laser Raman spectroscopies, surface

area and porosity determination, as well as Fourier transform infra-red spectroscopy
monitoring of surface acidity were used to characterize the catalysts.

1. Introduction

Tungsten trioxide is a highly selective catalyst for
reactions such as the oxidation of benzene and toluene
to maleic anhydride and benzaldehyde respectively
[1, 2]. It has a high surface acidity [3, 4] and so it is
well suited for the olefin metathesis [5] and hydrot-
reatment reactions [6]. When supported on another
metal oxide (i.e., silica, alumina, titania), it exists in
a two-dimensional structure, the nature of which can
be modified by changing the calcination temperature,
preparation method and type of support, which results
in the modification of the physicochemical and
catalytic properties. These systems have been of con-
siderable interest in the last decade and a significant
number of papers have been published in the literature
[7-10]. However, data on systems where the tungsten
trioxide is supported on niobia and zirconia are scarce
in the literature.

In this paper we report on the properties of two
catalysts, containing tungsten trioxide supported on
zirconia and on niobia. They have been characterized
by X-ray diffraction, Raman spectroscopy, the adsorp-
tion of nitrogen at low temperature for specific surface
area and texture, and Fourier transform infrared spec-
troscopy (FT-IR) monitoring of pyridine adsorption
for surface acidity. The photoactivity has been studied
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in the photooxidation of 4-nitrophenol in aqueous
dispersion [11].

2. Experimental procedure

2.1. Catalyst preparation

Before incorporation of the tungsten trioxide, both
support materials, ZrO, (Janssen Chemica, p. a.)
and Nb,Os (Niobia H4340 hydrated niobia, from
Niobium Product Co., Inc.) were calcined overnight in
air at 723 K. The tungsten trioxide was incorporated
onto the surfaces of the niobia and zirconia by con-
ventional impregnation of the supports with aqueous
solutions of ammonium para-tungstate producing
samples designated WZrl and WNDI containing ap-
proximately one monolayer of the supported phase (as
calculated from the specific surface area of the support
and the size of the WO 3 “molecule” [9]). After impreg-
nation, the solvent was evaporated and the solids were
dried overnight at 373 K and calcined in air at 723 K
for 2 h.

2.2. Characterization of the catalysts
X-ray diffraction (XRD) patterns were recorded using
a Philips PW1070 diffractometer with Ni-filtered

6039



Cu-Ka radiation (A = 0.15405 nm) and interfaced to
a DACO-MP data acquisition microprocessor equip-
ped with Diffract/AT software. The specific surface
areas were measured by nitrogen adsorption at 77 K
using a conventional, pyrex-high vacuum system (resi-
dual pressure 10~ * Pa); in this case, samples were
outgassed in situ for 2 h at 400 K prior to the adsorp-
tion experiments.

Scanning electron microscopy (SEM) measure-
ments were performed using a Philips microscope,
model 505 operating at 25kV on specimens upon
which a thin layer of gold had been evaporated. An
electron microprobe used in the energy dispersive mode
(EDX) was used to attain quantitative information on
the distribution of the tungsten in the specimens.

The laser Raman spectra (LRS) were recorded on
a computer-controlled Jobin-Yvon spectrometer
(model U-1000). The 514.5 nm line from a Spectra
Physics model 165 argon-ion laser was used as the
excitation source. The spectra shift was typically of
4 cm~! and laser source powers of ca. 20 mW, mea-
sured at the samples, were used. The spectra were
recorded in the 200-1200 cm ~! range. Diffuse reflec-
tance spectra (DRS) were obtained in the 240-600 nm
range by using a Varian DMS 90 UV-vis spectro-
photometer equipped with quartz cells. BaSO, was
used as a reference. The surface acidity was monitored
from the Fourier-transform infrared (FT-IR) spectra
recorded after the adsorption of pyridine, using
a Perkin-Elmer 16PC spectrometer coupled to a con-
ventional high vacuum system, using specially-de-
signed cells with CaF, windows. The procedure was as
follows: the solid was compacted to a self-supported
disc (1 cm diameter) weighing 50-60 mg which was
calcined at 673 K for 2 h in the cell in order to elimin-
ate any organic impurities adsorbed during prepara-
tion. The sample was outgassed at 673 K for 2 h at
a residual pressure of ca. 1073 Pa, and after cooling to
room temperature it was equilibrated with pyridine
and then outgassed, while the temperature was raised
to 673 K. The spectra of the solids were substracted
using the software facilities provided by the computer.
Only the 1800-1400 cm ™! range is shown in the fig-
ures, as this is the range where the bands due to
adsorbed species are expected.

2.3. Photoreactivity tests

A pyrex batch photoreactor of cylindrical shape con-
taining 0.251 of aqueous suspension was used. The
photoreactor contained ports in its upper section for
the inlet and outlet of gases, for sampling and for pH
and temperature measurements. A 125 W medium
pressure Hg lamp (Helios Italquartz) was immersed
within the photoreactor and the photon flux, mea-
sured using a UVX digital radiometer, was 13.5 mW
cm ™~ 2. This was measured by leaning the radiometer
against the exterior wall of the photoreactor contain-
ing only pure water. Oxygen was continuously bub-
bled through the suspensions for about 1h before
switching on the lamp and also during the photoreac-
tivity experiments. The amount of catalyst used for all
of the experiments was 1.5 gl™ !, as in this case the
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photon flux transmitted out of the reactor was
negligible, and the initial 4-nitrophenol (from BDH)
concentration was 20 mgl~'. The initial pH of the
suspension was adjusted to 4.5 by the addition of
H,SO, (Carlo Erba RPE), and the temperature inside
the reactor was ca. 300 K. The photoreactivity runs
lasted 2.5 h, and the samples were withdrawn at the
following times: 0, 10, 30, 60, 90, 120, and 150 min.
5ml samples were withdrawn from the suspension
and the catalyst was separated from the solution by
filtration through 0.45 pum cellulose acetate mem-
branes (HA, Millipore) and subsequent centrifugation.
Selected experiments were carried out by adding
hydrogen peroxide to the reaction suspension.
The 4-nitrophenol:H,O, molar ratio was 1:7,
corresponding to a H,0O, concentration of
2.6x107*moll~'. The stoichiometric molar ratio
needed to completely oxidize 4-nitrophenol is 1:14.
The quantitative determination of 4-nitrophenol was
performed by measuring its absorption at 315 nm
using a Varian DMS 90 UV-vis spectrophotometer.

3. Results and discussion

3.1. Characterization

3.1.1. X-ray diffraction

The XRD patterns of the supports are shown in Fig. 1.
For zirconia, all the recorded lines could be assigned
to monoclinic and tetragonal phases, after comparison
to the standard spectra reported in the ASTM files
[12]. Originally the zirconia was mainly monoclinic
(although a small tetragonal impurity exists); the crys-
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Figure 1 X-ray diffraction patterns of (a) the ZrO, support, mono-
clinic (M) and tetragonal (T) phases, (b) the Nb,O5 support and (c)
bulk WO;.



tallographic phase depends on the precursor used to The diffraction patterns for samples WZrl and
prepare the oxide (gel, salts, etc.), as well as the calcina- WNbI1 are identical to those of the corresponding
tion temperature [13]. The niobia diffraction pattern  supports, i.e., the incorporation of tungsten trioxide
contained the reflections of the pseudohexagonal  does not induce any crystallographic change in the
phase [14]. supports. On the other hand, no diffraction peak due
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‘ Figure 2 Scanning electron microscopy micrographs of (a) WO,
(b) Nb,Os, (c) ZrO,, (d) and (e) WNbI, (f) and (g) WZrl.
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to tungsten trioxide nor to any tungsten-containing
compound is observed, indicating that the supported
phase is highly dispersed, probably as tungstates or
polytungstates. For comparison purposes, the XRD
pattern for WOj; is also included in Fig. 1.

3.1.2. Scanning electron microscopy

Fig. 2(a—c) are micrographs of the pure WO; and the
bare Nb,Os and ZrO, supports. Fig. 2(d-g) are
selected micrographs of samples WNbl and WZrl.

Large agglomerates of ca. 100 pm can be observed
for pure WO; and Nb,Os samples, that are easily
distinguishable from the ZrO, sample. The particle
size ranges between 1-50 um for WO3; and Nb,Os,
and between 0.5-6 um for ZrO,. Similar results are
found for the supported samples, which appear to
maintain the main features of the corresponding bare
supports. In particular, pure ZrO, and WZr1 powders
show a more uniform distribution of the particle sizes,
having almost spherical shapes.

EDX analyses carried out on samples WZrl and
WNbl1 indicated a more uniform distribution of tung-
sten species on the zirconia than on the niobia surface.
The figures found were ca. 5 at % for WZrl and 2-7 at
% for WNbl, the atomic percentage being calculated
as: 100 (moles of W)/(moles of W + moles of Zr or Nb).

1000 pmol g™

P/P,

Figure 3 Nitrogen adsorption isotherms measured at 77 K for (@)
adsorption and (Q) desorption for (a) Nb,Os, (b) ZrO,, (c) WNbl
and (d) WZrl.
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TABLE 1 Specific surface areas (m? g~ ') and positions (cm ') of
the FT-IR bands recorded after adsorption of pyridine onto the
catalysts and supports

Sample  Sggr B,, L

py

8a 19a 19 8a 8b 19a  19b

Nb,Os 60 1635 1488 1540 1605 1574 1488 1444
ZrO, 51 — — — 1605 1574 1486 1443
WNbl 51 1637 1489 1535 1608 1574 1489 1445
WZrl 44 1638 1489 1538 1609 1574 1489 1446

B,, (L,y) are the modes corresponding to py adsorbed onto
Bronsted (Lewis) acid sites

Sger is the BET derived surface area

8a, 8b, 19a and 19b are vibration modes of the pyridine molecule.

3.1.3. Textural study
Nitrogen adsorption isotherms measured at 77 K for
the supports and the samples are shown in Fig. 3.
According to the IUPAC classification [15], they all
correspond to type IV, and the hysteresis loop corres-
ponds to type H1, which is characteristic of mesopor-
ous substances. The incorporation of tungsten
trioxide does not modify the porosity.

The specific surface areas, calculated following the
Brunauer—Emmett—Teller (BET) method (see Table 1),

L 6.0 m2g'.nm

As/Ad

0 6.0 12.0 18.0 24.0 30.0
Pore size (nm)

Figure 4 Pore size distribution curves for (a) Nb,Os, (b) ZrO,, (c)
WNbI and (d) WZrl.



= 1000 pmol g °

(a)

Il | ! 1 1 I | 1 1

0 0.4 0.8 1.2 1.6 2.0
t (nm)

Figure 5 t-plots for (a) Nb,Os, (b) ZrO,, (c) WNb1 and (d) WZrl.

indicate that the incorporation of the tungsten tri-
oxide leads to a slight decrease in the specific surface
areas, amounting to ca. 10% for sample WZrl, and
20% for sample WNb1, probably because of a sinter-
ing process. The pore size distribution curves shown in
Fig. 4 confirm the mesoporosity of all four samples,
a maximum contribution to the surface area arising
from pores with diameters ranging between 4-8 nm.
The absence of micropores in these samples is finally
concluded from the t-plots [16] in Fig. 5, since extra-
polation of the almost-straight segment for low thick-
ness values of the adsorbed layer passes through the
origin in all cases. Deviations from linearity at large
thickness values is in agreement with the presence of
large mesopores [17]. In addition, values calculated
for the external surface areas from the ¢-plots coincide
with the values calculated following the BET method.

3.1.4. Laser Raman spectroscopy

The laser Raman spectra of the Nb,O5 support and of
sample WNb1 are coincident. However, for the ZrO,
support and sample WZr1, some differences are found
as can be observed in Fig. 6. In addition to the Raman
peaks of the support, sample WZr1 shows two weak,
but detectable, peaks at 699 and 805 cm ™. For an
ideal, undistorted, [WOg] octahedron, three Raman
active modes are expected, v; (A1), V2 (Eg) and vs (T,,)
[18], but in most of the solids containing this species it
is distorted, and the symmetry decrease associated
with the distortion leads to the activation of pre-
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Figure 6 Laser Raman spectra of (a) ZrO, support and (b) WZrl.

viously forbidden modes. Crystalline WO; has the
ReOs-type structure [19, 20] and shows intense
Raman bands at 805, 706 and 273 cm ™ !; the first two
bands are ascribed to W—-O stretching modes, while
the third one corresponds to a W—O—W bending mode
[21]. For other compounds containing octahedral
[WOg] species (e.g., LisWOg4, CoWO, and H,WO,),
the higher wavenumber bands are recorded in the
740-980 cm ~ ! range [22], but most of them are below
910 cm ~*. On the contrary, in low-distorted tetrahed-
ral [WO,] species, four bands are recorded, corres-
ponding to the modes v{(A), V»(E), v3(T,) and v4(T,)
[18]; as expected, the number of bands increases upon
distortion in the solid state, but in all the compounds
containing tetrahedral [WO,] species (CaWOy,,
Na,WO,) the bands are recorded above 910 cm !
[22]. According to these data, we can conclude that no
tetrahedral [WO,] species exist in sample WZr1, since
the recorded positions of all bands, in addition to
those of the support, coincide with those of orthor-
hombic WOj; containing octahedral [WOg] species.

3.1.5. Diffuse reflectance spectroscopy

The diffuse reflectance spectra of the bare supports
and of the doped samples, as well as that of bulk WO,
are included in Fig. 7. The absorption from ca.
500-300 nm (depending on the material itself) towards
lower wavelengths corresponds to the absorption edge
of the solids, and should originate in all cases from
a O?~ — M"* charge transfer process from the val-
ence band (mainly 2p orbitals of the oxide anions) to
the conduction band, formed by the valence orbitals of
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Figure 7 Diffuse reflectance spectra of (a) WOs, (b) ZrO,, (c)
Nb,Os, (d) WZrl and (e) WNbI1.

the cations. It can be noticed that WO5 absorbs more
significantly than both the bare supports and the two
doped samples. For sample WZrl, a shoulder at
256 nm 1is recorded, in addition to those due to the
support; this band can be ascribed to a O?~ — W°*
charge transfer process. For H,WO,, containing
octahedral [WOg] species, two bands have been re-
ported [7] at 204 and 270 nm. Contrary to the find-
ings for sample WZrl and the ZrO, support, the
spectrum recorded for WNb1 closely matches that of
the bare Nb,O5 support. As expected, the presence of
tungsten species on the surface of both doped catalysts
enhances their absorption properties, although the
effect is less significant for WNbI.

3.1.6. FT-IR monitoring of the surface
acidity via pyridine adsorption
Although FT-IR spectroscopy is mainly a qualitative
tool to investigate surface sites in polycrystalline
oxides, the study of the adsorption of probe molecules
provides indirect information about such surface sites
and on their chemical properties. This is due to the
measurement of changes in the spectroscopic para-
meters sensitive to the type of bonding between the
surface sites and the adsorbed molecules. The adsorp-
tion of basic molecules (ammonia and pyridine) pro-
vides information about the surface acidity [23, 24],
which usually depends on the preparation method,

presence of impurities and type of the support.
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Figure 8 FT-IR spectra recorded after the adsorption of pyridine
onto Nb,Os and WNbDI and outgassing at temperatures of (a) room
temperature, (b) 373 K, (c) 573 K and (d) 673 K.
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Figure 9 FT-IR spectra recorded after the adsorption of pyridine
onto ZrO, and WZrl and outgassing at temperatures of (a) room
temperature, (b) 373 K (¢) 573 K and (d) 673 K.

The spectrum recorded after the adsorption of
pyridine on the Nb,O5 support previously outgassed
in situ as previously described, and outgassing at room
temperature is shown as Fig. 8. We can observe bands
at 1635, 1605, 1574, 1540, 1488 and 1444 cm ™!, that
can be ascribed to stretching modes of pyridine, both
co-ordinated (i.e., attached to surface Lewis acid sites)
and protonated (pyridinium ion), indicating the pres-
ence of surface Brensted acid sites (Table 1). After
outgassing at increasing temperatures (Fig. 8) the in-
tensities of the bands decrease, but they are still re-
corded even after outgassing at 573 K, thus indicating
rather strong acid sites. The series of spectra recorded
for sample WNb1 submitted to the same treatments
(also shown in Fig. 8) are rather similar; the only
difference is that the bands are slightly broader and
weaker, although this weakness can be due to a poorer
transmission of the sample.

The spectrum recorded after adsorption of pyridine
on the ZrO, support is shown as Fig. 9. We only
observe bands at 1605, 1574, 1486, and 1443 cm ™!,
due to pyridine co-ordinated to surface Lewis acid
sites (Table 1), and no band is recorded that could be
ascribed to surface Bronsted sites. The sites are also
rather strong, as the bands are recorded even after
outgassing the sample at 573 K. However, after incor-
poration of tugsten trioxide to the ZrO, support to
yield sample WZrl, the spectrum is rather different,



with bands at 1638, 1609, 1574, 1538, 1489, and
1446 cm ™! due to both surface Lewis and Brensted
acid sites (Table 1), i.e., the incorporation of tungsten
trioxide on the surface of zirconia has led to the
development of surface Bronsted acid sites. When the
sample is outgassed at increasing temperatures, all the
bands remain even after outgassing at 673 K, thus
indicating that strong Lewis and Brensted acid sites
exist on the surface of this sample.

3.1.7. Photoreactivity
Photodegradation of the three isomers of nitrophenol
has been recently extensively studied in aqueous sus-
pensions employing polycrystalline TiO, (anatase) as
a photocatalyst. The degradation process exhibited
pseudo-first order kinetics with respect to the organic
substrate concentration [11, 25]. In this work,
4-nitrophenol photodegradation has been used only
as a probe reaction and it is not the aim of this paper
to deal with the mechanistic and kinetic aspects of the
reaction.

The experimental results fitted a pseudo-first order
kinetics with respect to the organic substrate concen-
tration which can be expressed as:

—dC/dt = ko C (1)

where C stands for the 4-nitrophenol concentration,
ko for the observed pseudo-first order rate constant
and ¢ for the time.

The values for the observed pseudo-first order rate
constants, as measured both in the absence and pres-
ence of hydrogen peroxide in the reaction medium, are
given in Table II for bulk tungsten trioxide, the sup-
ports and the catalysts. Representative results are also
presented in Fig. 10.

The observed pseudo-first order rate constant
values (k) indicate that WNDb1 is more photoactive
than WZrl, although the reaction rates are rather low
for both samples. Moreover, the photoactivities of
both samples do not significantly change, if compared
to that of the corresponding bare support, and they
are also lower than that of pure polycrystalline WOs.
It is noteworthy, however, that the reaction rates for
all of the pure and doped samples are far lower than
that of pure polycrystalline commercial (Merck)
titania (anatase) samples (ko,s = 6 x 10”%s~1 under
the same experimental conditions). The different
photoactivities of the pure oxides, and in particular
the higher photoactivity of WO3, can be explained by
considering the band-gap values (2.6, 5.0 and 3.4 eV

TABLE II Observed rate constants in the absence (k) and pres-
ence (kgps) of H,O, for photo-oxidation of 4-nitrophenol*

Sample kops (10° s71) kips (10557 1)
WO; 9.3 12.3
710, 1.3 1.9
Nb,O5 4.7 7.4
WZrl 1.3 29
WNb1 4.6 6.8

*H,0,:4-nitrophenol = 1:7 molar ratio

c/c,
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Figure 10 Change in the relative concentration of 4-nitrophenol as
a function of time during photo-oxidation in the absence of H,O,
for (M) WZrl and (@) WNbI and the presence of H,O, for (A)
WZrl and () WNbL. (C, is the initial concentration).

for WO3, ZrO,, and Nb,Os, respectively [26]), and
the emission spectrum of the lamp, although it is well
known [27] that several other physico-chemical and
electronic factors can play a role in determining the
level of photoreactivity. The photoexcitation of WO,
can occur by using light with wavelengths ranging
approximately between 300-480 nm (check Fig. 7), as
the walls of the pyrex photoreactor cut off all the
radiation with a wavelength lower than 300 nm, and
only ca. 47% of the energy emitted by the lamp can be
used, taking into account its emission spectrum.

Niobia can be photoexcited by light with a wave-
length ranging between 300410 nm (see Fig. 7), and
only ca. 27% of the total energy emitted by the lamp
can be utilized. This last value corresponds to 58%
of the fraction that can be utilized by WO;3; and,
consequently, at least for the range of energy used
in this work, the photocatalytic activity of niobia
can be considered not too much different from that
of WO;.

With regards to bare zirconia, its expected photo-
activity, under the experimental conditions used and
taking into account the filtering effect of the pyrex
walls and data for zirconia in Fig. 7, should be negli-
gible. The observed activity could even be the result of
a photochemical homogeneous reaction and/or par-
tial oxidation of the adsorbed substrate by direct in-
teraction with photons [28]. The diffuse reflectance
spectrum reported in Fig. 7 indicates that some light
absorption by the solid occurs in the range 400-300 nm,
probably due to the presence of surface states and,
consequently, the occurrence of heterogeneous photo-
oxidation processes cannot be excluded. It should also
be noted that absorption in the same range has been
reported for thin anodic films grown on metallic zirco-
nium [29, 30]. The characterization results (XRD,
SEM and specific surface area measurements) indicate
that the presence of WO; did not substantially
modify the crystalline habit and the morphology of
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the supports. The FT-IR results indicate that the acid-
base properties of niobia were not modified, while
some Brensted acid sites developed in zirconia. The
photoreactivity experiments confirmed the above in-
sights, since the presence of highly dispersed micro-
crystalline and/or amorphous tungsten trioxide
species on the surface, although giving rise to a modifi-
cation of the absorption properties of both supports,
does not influence their photoactivity. A different be-
haviour was shown, however, by mixed tungsten
trioxide—titanium dioxide samples [31].

If hydrogen peroxide is present in the reacting sus-
pensions, the photoreactivity is higher for all of the
specimens. The positive influence of hydrogen per-
oxide on the reaction rate is well known when pure
titania is used as a photocatalyst [32-34]. The en-
hancement of the photoactivity observed in the pres-
ence of H,O, for suspensions containing WZrl can
also be explained by considering that H,O, (with
a higher oxidizing ability than molecular oxygen), can
mainly enhance the rate of the homogeneous reaction.
For WNb, the photocatalytic activity in the presence
of H,O, was similar to that shown by Nb,Os, for
which a more significant enhancement of the reaction
rate occurred and the mechanistic aspects of the het-
erogeneous photoprocesses could be very similar to
those proposed for TiO, [11, 25]. As can also be
noticed from Fig. 10, the presence of tungsten trioxide
on zirconia and niobia surfaces did not substantially
modify the photoactivity of the supports in both the
absence and presence of hydrogen peroxide.

4. Conclusions

The results obtained in this work indicate that sam-
ples WZr1 and WNbI are mesoporous, as the original
supports were, although a 10-20% decrease in the
specific surface area (sintering) takes place after the
incorporation of the tungsten trioxide, without any
change in the crystallographic phases of the supports.
The supported phases are highly dispersed, since they
give rise to no diffraction line in the XRD patterns.
Raman spectroscopy indicates that the oxo-tungsten
species in sample WZrl are octahedral, [WOq],
similar to those existing on orthorhombic WO;
(distorted ReOj structure). Both tungsten trioxide-
containing samples exhibit strong surface Lewis and
Bronsted acid sites, larger than in the original
supports, due to the presence of W®™ containing spe-
cies, leading to highly covalent W—O bonds. Conse-
quently, the content of Brensted acidic WO-H
groups and poorly basic W-O-W bridging units
increases.

No significant effect is observed after the dispersion
of the tungsten trioxide on the surface of niobia or
zirconia on the photo-oxidation of 4-nitrophenol in
the absence or presence of hydrogen peroxide.
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